The synthesis of alpha toxin by a strain of Clostridium perfringens decreased greatly when zinc was omitted from the synthetic medium SM67, while growth was not affected significantly by the depletion of the metal.
INTRODUCTION
In the previous papers (Murata et al., 1965 (Murata et al., , 1968 we reported that inorganic cations had a remarkable influence on the growth and production of toxic proteins of Clostridium perfringens.
Monovalent cations enhanced the production of various toxins by promoting the protein synthesis in general (Murata et al., 1968) . Iron and magnesium, though indispensable for both the growth and toxin production, reduced the yield of alpha toxin at a concentration higher than 0.1 mM and 20 mM, respectively.
The effect of the metals on growth was slight at this concentration.
Zinc influenced the production of alpha toxin significantly, though not indispensable for growth (Murata et al., 1965) . As regards the relationship between zinc and alpha toxin, Moskowitz and his colleague (Moskowitz, 1958; Moskowitz, Deverell and McKinney, 1956) suggested that the metal may be essential for the activity of the toxin. Recently, phospholipase C of Bacillus cereus was reported to be a metallo-.enzyme requiring zinc (Ottolenghi, 1965) . Evidences have been accumulated for the fact that zinc is required for the synthesis of certain products of microorganism (Foster, Woodruff and McDaniel, 1943; Nason, 1950; Nason, Kaplan and Colowick, 1951; Kalyanasundaram and Devi, 1955; Mateles and Adye, 1965; Schlesinger and Barrett, 1965) . We extended the experiments to investigate the role of zinc on the production of various toxic proteins .4) with 0.02 % gelatin was used. The egg-yolk suspension was prepared as described before (Murata et al ., 1965) .
RESULTS
Effect of Zinc on the Toxigenicity of the Seed Culture in the Deficient Medium C. perfringens PB6K N5 was transferred successively in the deficient medium at a 2-3 days' interval . The toxigenicity of the strain in SM67 was investigated at intervals. Table 1 shows that zinc was not required for the maintenance of the toxigenicity.
Effect of Zinc on the Synthesis of Alpha Toxin
Preliminary experiments showed that zinc was indispensable for the production of alpha toxin and that the toxin produced in the deficient medium was usually less than 2 EU and 2 TD/ml, higher titer being rarely observed (Soda, Sato and Murata, 1969) .
At first, it was examined to see whether zinc was related to activation of a possible pref ormed toxin. The supernatant of a 6 hr culture in the deficient medium showing a titer of less than 2 EU/ml was added with zinc at 0.05 mM and tested for the egg-yolk reaction.
No increase in the EU or TD value was observed by the addition of the metal . It was then tried to look for the possible presence of the toxin within the cells. The cell suspension in a volume of onefifth of the original culture was sonicated.
When 0.1 ml of the sonicate added with 0.9 ml of Ca-BBS was mixed with 2 ml of the egg-yolk suspension, the mixture immediately became turbid. However, in contrast to the reaction occurring with alpha toxin, the turbidity disappeared when the mixture was incubated at 37 C for no shorter than one hour or when added with 9 ml of saline according to the routine method for the assay of alpha toxin.
In addition, the appearance Table 1 . Growth and toxin production by C. perfringens maintained in the deficient medium
The strain was kept in the deficient or complete medium by transferring at 2-3 days' intervals.
To examine the toxigenicity they were inoculated in SM67 and incubated for 6 hr. ZINC  AND  TOXIN  PRODUCTION  137 of turbidity was not prevented by the standard antitoxin, while the prevention always occurred with alpha toxin. These results showed that alpha toxin are not detectable by the egg-yolk method in the supernatant or cells grown in the deficient medium.
The antigenicities of the supernatant and of the sonicate were then examined by the agar-gel-diffusion test, as shown in Fig. 1 . The supernatant was concentrated five-foldly with Ficoll (Pharmacia).
The five-fold concentrated supernatant (15 Lv/ml) from a 6-hr culture in the complete medium and a purified alpha toxin (50 Lv/ml) were used as the control. Figure 1 shows that no antigenic material immunologically related to alpha toxin was detected in the supernatant or sonicate from the deficient medium at the level of concentration tested, while the supernatant from the complete medium showed a line which fused with that formed between the purified toxin and the antitoxin.
It was then examined to see whether other cations could replace zinc. Each of various divalent cations was added to the deficient medium; or the concentration was increased in the case of the metal involved in the original formula of SM67. Table 2 shows that manganese at a high concentration was able to replace zinc partially. Although cobalt and nickel were able to stimulate the toxin production slightly, their activity was no more than one-tenth that of zinc or negligible in some experiments. The stimulation of toxin production by manganese was more consistent, but the ratio of EU/TD was usually significantly lower than that obtained with zinc. Table  3 shows a summary of such examples from several experiments.
Since zinc may be chelated by some amino acids, it seemed of interest to find, whether the inhibition of toxin production by an excess amount of cystine (Gooder and Gehring, 1954; Murata et al., 1965 ) is recovered by zinc. Experiments Fig. 1 . Agar-gel diffusion tests with the culture filtrate and cell sonicate derived from the deficient medium.
Central well, the standard antitoxin (50 IU/ml); 1, 3, 5, purified alpha toxin; 2, filtrate of culture in DM; 4, filtrate of culture in SM67; 6, cell sonicate derived from DM.
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Effect of Zinc on the Growth and Production of Various Toxins
It was then examined to see whether the production of other toxins was also influenced by zinc. The pattern of growth was also scrutinized by using 4 different methods. Each of the complete and deficient medium was dispensed in an amount of 100 ml into two conical flasks.
Each flask was inoculated to the OD value of about 0.07. The flasks were incubated at 37 C and an aliquot was taken from each at intervals to determine the magnitude of growth and toxin production . All determinations were run in duplicate. Figure 3 illustrates growth curves typical of those experiments.
During the logarithmic phase, no difference in growth between the media was observed by any of the four methods.
However, decrease of bacterial mass in the declining phase was more apparent in the deficient medium than in the complete medium . It was also observed that the cells grown in the former medium were more easily disrupted by sonication . Figure 3 also shows the decrease in the bacterial number in the declining phase. However, other experiments showed that the number did not change significantly during the 24-hr incubation while the OD value, dry weight and the amount of bacterial nitrogen decreased . On such an occasion a small coccoidal form was often observed.
The ratio of the nitrogen content to the dry weight changed also depending on each experiment . In most occasions the ratio (N/dry weight) was about 10 %, while in others it was 7-8 % . However, it was difficult to demonstrate the relationship between such variation and the deficiency in zinc . Figure 4 shows typical patterns of production of various toxins . The amount of alpha toxin in the complete medium varied considerably depending on each experiment.
The toxin titer was usually below 2 EU or 2 TD/ml in the deficient medium throughout the whole period of incubation.
Kappa toxin was produced in both media in the early phase of growth. However, the amount of the toxin was small and decreased rapidly in the deficient medium during the later stage of the logarithmic phase. The production of theta toxin was independent of the metal . Four similar experiments were repeated with the inoculum prepared from a seed grown either in the complete or in the deficient medium. The results were independent of the kind of the seed medium .
Effect of Zinc Added to the Growing Deficient Medium
Each of the deficient and complete media was distributed into two conical flasks at a 100 ml amount and each was inoculated to OD 0.07 . After 4, 5 and It was then tried to see how soon the toxin was produced after the addition of zinc. Cells grown in the deficient medium for 3 hr were collected by centrifugation and inoculated in the complete and deficient medium to OD 0.56. As shown in Fig. 6 growth and toxin production started without the lag phase . However, growth stopped after 2 hr of incubation when the OD value reached 1.1 and no further increase in the yield of alpha toxin was observed.
The Presence of a Lethal Toxin with a Negligible Phospholipase Activity Table 3 suggests that zinc affects the direct toxicity when measured by the egg-yolk method.
Therefore, several batches of culture supernatant and cells from the deficient medium were examined for both lethality and egg-yolk reaction . Table 4 shows that the supernatant from a 6 hr culture in the deficient medium killed mice without any appreciable phospholipase activity as detected by the egg-yolk test. The hemolytic activity in terms of alpha lysin was negligible when compared with that of alpha toxin. The lethal activity was neutralized completely by the specific alpha antitoxin.
The cell sonicate from both the deficient and complete medium neither killed mice nor showed a positive egg-yolk reaction . Since the egg-yolk reaction of the supernatant from the deficient medium was ZINC AND TOXIN PRODUCTION 143
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•« See Fig.2 Fig. 6. Toxin production in SM67 with a large inoculum from the deficient medium.
negative by the routine method for egg unit titration when the toxin-substrate mixture was incubated for 20 min, the mixture was incubated for a longer period. The specimen, Ca-BBS and an egg-yolk suspension were mixed at a ratio of 1:1:4 and incubated at 37 C for several hours. A similar mixture added with 0.2 IU per ml of the standard antitoxin served as a control. An aliquot of 0.75 ml was taken at intervals and the optical density of the mixture was read as usual. The culture supernatant from the complete medium was also tested. Table 5 shows that the specimen from the deficient medium showed a weakly positive egg-yolk reaction after a long incubation and the activity was inhibited completely with the alpha antitoxin.
DISCUSSION
The results presented here clearly demonstrate that zinc has a peculiar role in the production of the toxic proteins of C. perfringens without any significant effect on the growth in the logarithmic phase when the toxins are produced actively.
The metal is a critical factor for the production of alpha toxin, if the conventional definition of the toxin is adopted.
The metal is also required for promoting the production of kappa toxin, while it is unrelated to theta toxin.
Tables 4 and 5 show clearly that some toxin having a negligible phospholipase activity was often produced in the absence of zinc, though the amount was small. The potency of the toxin fluctuated between 4-30 CLD/ml.
The toxin was antigenically related to alpha toxin since it was completely neutralized by specific antitoxin. Table 5 shows that a weak phospholipase activity was detected with the specimen produced in the absence of zinc and the activity was inhibited by the standard antitoxin.
The production of the lethal toxin, however, was still inconsistent and it is too early now to discuss whether this toxin is identical with the classical alpha toxin. In this connection it may be noteworthy that the recent work of Lynch and Moskowitz (1968) showed that the ratio of the lecithinase activity to the toxicity varied depending on the specimens of alpha toxin. The same was observed with the toxins obtained in the complete medium, as shown in Table 4 . Further results as regards the production and the characteristics of the lethal toxin will appear in a future communication. Figure 2 shows that the inhibitory effect of cystine for the toxin production may partly be explained by the chelation of the metal by the amino acid or its metabolite(s).
Since the recovery was not complete, other factor(s) affected by cystine should be considered.
The activity of zinc upon alpha toxin production cannot be replaced completely by other divalent cations, though manganese was ZINC AND TOXIN PRODUCTION 145 producedl) in the complete and deficient media 4) Experiment 3 was carried out with a culture filtrate concentrated 10 times with Ficoll (Pharmacia) and kept for several weeks at -20 C. The toxicity of the original culture supernatant was low being 40 and 4 CLD per ml in CM and DM, respectively.
active to some extent.
Cobalt and nickel may have an activity similar to zinc, but the results were incosistent.
We experienced on few occasions that a small amount of the toxin was detected at higher concentration (>8 mM) of magnesium. It is however, difficult to ascribe the effect to magnesium itself since the yield of the toxin was very low and inconsistent and contamination by other metals cannot be excluded when it was used at such a high concentration.
In attempting to explain the role of the metal, one must consider (a) whether it is related directly to the activation of the toxin or (b) whether it leads to the release of the pref ormed toxin. The first possibility is untenable since the addition of the metal to the filtrate from the deficient medium did not result in the manifestation of the toxic activity.
The second was ruled out since neither the toxin (as shown by the egg-yolk and the mouse test) nor a substance combining alpha antitoxin was detected in the sonicate of the cells grown in the deficient medium. The effect of zinc on the production of alpha toxin was not a quantitative but a qualitative one, since the phospholipase activity was negligible (or very low, if any) in the culture supernatant and within the cells throughout the period of growth (Fig. 4) . It is well known that zinc may contribute directly (Schlesinger and Barrett, 1965; Ottolenghi, 1965) to the formation of enzyme or indirectly (Foster et al., 1950; Nason et al., 1951; Kalyanasundaram and Devi, 1955; Mateles and Adye, 1965) to some process pertaining to the enzyme synthesis.
Manganese has been proved to show a significant influence on the production of secondary metabolites of strains of Bacillus (Weinberg 1964 (Weinberg , 1966 . The probability that zinc may lead to the association or modification of a possible pref ormed precursor having some different activity cannot be ruled out for the time being. Evidence that the toxin production started immediately after the addition of zinc in the actively growing cell may suggest such a possibility (Fig. 6) . However, the fact that zinc was effective only when added in the early logarithmic phase may suggest that it is related to some synthetic process rather than to a mere association or modification of a preformed precursor. The role played by zinc or manganese in the produc- MURATA et al. Vol. 22 tion of alpha toxin should be elucidated in the future study. Roberts (1957) and Jayko and Lichstein (1959) claimed that they were able to produce alpha toxin by using Boyd's medium in the absence of zinc. Roberts' alpha lysin should be interpreted cautiously, since theta toxin was produced abundantly in the deficient medium and found in an active state in the fresh culture (Akama, Yamamoto and Kameyama, 1969) . It may be difficult to exclude the hemolysis due to theta toxin by the method used by Roberts . The production of phospholipase in Roberts' work was inconsistent.
In addition, he did not refer to its mouse toxicity which the present authors think is very important for identification of alpha toxin. Jayko and Lichstein were able to produce phospholipase by adding peptides to the Boyd's medium.
We followed the experiment (Tsukamoto, Yamamoto and Murata, 1963 ), but could not confirm their results. Lichstein (1962) commented that the failure must have been due to the different strain used by us. This comment may be plausible since a large variation in the toxigenicity was recognized during subculture in some media (Soda et al., 1968) .
Although the metal did not affect greatly the growth in the logarithmic phase nor the maintenance of viability and toxigenicity of the strain, it might be connected to some process to keep the integrity of the cell constituents, since cells in the deficient medium seem to be destroyed more rapidly in the declining phase, as shown in Fig. 3 . The fact that cells in the deficient medium were easily disrupted by sonication may support the possibility stated above . Figure  3 also suggests that the direct relationship among the bacterial number, dry weight and nitrogen content was not obtained when the whole period of incubation was considered, though there seemed some parallelism during the logarithmic phase. Since the OD value may be affected by both the mass and number of bacteria, it is also difficult to find out a consistent relationship of the OD value to other criteria for growth estimation.
The relationship between dry weight and bacterial nitrogen varied considerably depending on each experiment.
It seemed that the variations in the growth were connected to the condition of the seed culture rather than the zinc deficiency.
It must be added here that in the beginning of this study, the strain was liable to lyse vigorously in the synthetic medium deprived of calcium (Murata et al., 1968) . However, the strain used here was apparently more resistant to the autolysis at least in the logarithmic phase than the strain used before . No significant change in the toxigenicity in terms of alpha toxin has yet been recognized.
The reason for such a variation in growth has not yet been clarified, though the variation seemed to be connected to the successive transfer in SM67 for a long period. ZINC  AND  TOXIN  PRODUCTION  147 
